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Cellular mechanisms of the age-related decrease in renal phosphate
reabsorption. The aging process in humans and in the rat is associated
with an impairment in renal tubular reabsorption of Pi and renal tubular
adaptation to a low Pi diet. The purposes of the present study were to
determine whether changes in the abundance of type IT Na-Pi cotrans-
porter (NaPi-2) protein and/or mRNA play a role in the age-related
decrease in Na-Pi cotransport activity, and to further determine the
cellular mechanisms of impaired adaptation to a low Pi diet. In studies
performed in 3- to 4-month-old young adult rats and 12- to 16-month-old
aged rats we found that there was an age-related twofold decrease in
proximal tubular apical brush border membrane (BBM) Na-Pi cotransport
activity, which was associated with similar decreases in BBM NaPi-2
protein abundance and renal cortical NaPi-2 mRNA level. Immunohisto-
chemistry showed lower NaPi-2 protein expression in the BBM of
proximal tubules of superficial, midcortical, and juxtamedullary nephrons.
We also found that in response to chronic (7 days) and/or acute (4 hr)
feeding of a low Pi diet there were similar adaptive increases in BBM
Na-Pi cotransport activity and BBM NaPi-2 protein abundance in both
young and aged rats. However, BBM Na-Pi cotransport activity and BBM
NaPi-2 protein abundance were still significantly lower in aged rats, in
spite of a significantly lower serum Pi concentration in aged rats. The
results indicate that impaired expression of the type TI renal Na-Pi
cotransporter protein at the level of the apical BBM plays an important
role in the age-related impairment in renal tubular reabsorption of Pi and
renal tubular adaptation to a low Pi diet.
The aging process in humans and in the rat is associated with
alterations in renal tubular function including phosphate (Pi)
transport [1]. Metabolic balance and clearance studies in the rat
reveal an age-related impairment in renal tubular reabsorption of
Pi [2, 3] that is paralleled with an age-related decrease in the
sodium gradient-dependent Pi uptake (Na-Pi cotransport) in
brush border membrane (BBM) vesicles isolated from the proxi-
mal tubular cells [4—8]. The impairment in renal tubular Pi
transport occurs in spite of an age-related decrement in intestinal
absorption of Pi [2]. In addition, renal tubular adaptation to a
low-Pi diet is also impaired in the aged-rat [2—4, 7, 8]. In spite of
increased levels of serum parathyroid hormone [DI, the impair-
ment in renal Pi transport is independent of endogenous parathy-
roid hormone activity, since parathyroidectomy is associated with
improvement, but not normalization of renal tubular reabsorption
of Pi [3—5, 7].
Kinetic studies of BBM Na-Pi cotransport have revealed a
decrease in the maximum velocity (Vmax) and no change in the
affinity of the Na-Pi cotransporters for Na or Pi ions [71. It is not
known whether the decrease in Vmax is due to an age-related
decrease in the number of the Na-Pi cotransport units, or a
decrease in the functional activity of the existing Na-Pi cotrans-
port units. In this regard we have previously found that there is an
age-related increase in BBM cholesterol content and a decrease in
BBM fluidity that correlates with the age-related decrease in
BBM Na-Pi cotransport [8]. We have furthermore shown that in
BBM isolated from adult rats in vitro enrichment with cholesterol,
identical to levels measured in aged rats, reproduces the age-
related selective decrease in the Vmax of BBM Na-Pi cotransporl
[10]. These studies therefore suggested that cholesterol is an
important modulator of Na-Pi cotransport and could, in part,
mediate the age-related decrease in Na-Pi cotransport. These
studies, however, could not exclude that the age-related decrease
in Na-Pi cotransport is also mediated through a decrease in the
number of Na-Pi cotransport units.
Recently, the cDNA for a Na-Pi cotransport system of rat
kidney cortex type II Na-Pi cotransport system (NaPi-2) has been
identified by expression cloning [11]. Using polyclonal antibodies
raised against this renal Na-Pi cotransport system, and using the
polymerase chain reaction after reverse transcription of mRNA in
microdissected nephron segments, we recently demonstrated that
NaPi-2-related mRNA and protein is expressed in the BBMs of
the proximal tubules of rat kidney [12].
The purposes of the present study were therefore to determine
whether changes in the abundance of BBM NaPi-2 protein and/or
mRNA play a role in the age-related decrease in Na-Pi cotrans-
port activity, and further, to determine the cellular mechanisms of
impaired adaptation to a low-Pi diet in the aged rat.
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Experimental animals
The experiments were performed with male Sprague-Dawley
rats, each of two diflerent ages: young adult rats 3 to 4 months old,
and old rats 12 to 16 months old. The experiments were designed
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as previously described, with minor modifications [131. In short,
after arrival the animals were stabilized in metabolic cages on a
control Pi diet (0.6% Pi) and trained to consume their diet
between 8:00 am. and 12 noon (4 hr).
In the first series of experiments young adult and aged rats were
pair-fed the control Pi diet (0.6% Pi) for seven days and on the
eighth day they were sacrificed as indicated below. In the second
series of experiments the animals were pair-fed either a high-Pi
(1.2%) or a low-Pi (0.1%) diet for seven days, always at the
indicated times. On the eighth day the following four groups of
rats were studied, for both young and old rats: group 1, rats that
were chronically fed 1.2% Pi diet and continued on 1.2% Pi diet;
group 2, rats that were chronically fed 1.2% Pi diet and on the day
of the experiment were 'acutely' fed 0.1% Pi diet for four hours;
group 3, rats that were chronically fed 0.1% Pi diet and continued
on 0.1% Pi diet; and group 4, rats that were chronically fed 0.1%
Pi diet and on the day of the experiment were 'acutely' fed 1.2%
Pi diet for four hours.
On the day of the experiment at the end of the feeding period
the urine was collected, the rats were anesthetized with intraper-
itoneal administration of pentobarbital, blood was drawn from the
aorta and the kidneys were rapidly removed. One kidney was used
for BBM preparation, and the other was used for RNA isolation;
six individual rats were studied in each of the experimental
groups.
Urine and serum Pi and creatinine were measured as previously
described [8]. Fractional excretion of Pi (FE11) was calculated as
(Upj/Spj)I(Ucr/Scr).
Preparation of brush border membrane vesicles
Thin slices were cut at 4°C from the superficial cortex and
homogenized with a Polytron in a buffer consisting of (in mM): 300
DL-mannitol, 5 EGTA, 0.5 phenylmethylsulfonyl fluoride, and 16
Hepes (pH 7.5 with Tris). BBM were precipitated from this
homogenate by Mg2 precipitation and differential centrifugation
as described [8, 11]. The final pellet was resuspended in a buffer
of 300 mivi mannitol, and 16 ms'i Hepes-Tris, pH 7.5. Purity of
BBM preparations was enzymatically assayed as published [8, 101.
Na-Pi cotransport measurements
Transport measurements were performed in freshly isolated
BBM vesicles, by uptake of 0.1 mrvi P04 (a mix of K2HPO4 plus
K2P04, pH 7.4), plus K2H32P04 (Dupont-NEN Research Prod-
ucts, Boston, MA, USA) as a radio tracer (4 Ci/ml uptake
medium, 3000 Ci/mmol), and an inwardly directed sodium gradi-
ent (120 mi NaCl) followed by rapid filtration. Uptake was
measured at 10 seconds, which represented the initial linear phase
of transport. Na-coupled uptakes of D-glucose, L-proline or
inorganic sulfate were also determined in a similar manner by
radio tracer uptake of D-[3H]glucose, L-[3H]proline and 35S04
(Dupont-NEN).
Sodium dodecyl sulfate-polyaciylarnide gel electrophoresis and
immunohi oiling
BBM were denatured for two minutes at 95°C in 2% sodium
dodecyl sulfate (SDS), 10% glycerol, 0.5 mvt EDTA, and 95 mM
Tris-HC1, pH 6.8 (final concentrations), and 5 j.g BBM protein
per lane were separated on 10% polyacrylamide gels according to
the method of Laemmli [14] and electrotransferred on nitrocel-
lulose paper [151. After blockage with 5% fat-free milk powder
with 1% Triton X-100 in Tris-buffered saline (20 mi, pH 7.3),
Western blots were performed with antiserum against NaPi-2 [121
and ecto-5'-nucleotidase [161 at dilutions of 1:4,000. Primary
antibody binding was visualized with chemiluminescence tech-
nique and quantified by laser densitometry. For peptide protec-
tion antigenic peptide were included at a concentration of 100
tg/ml. Prestained molecular weight marker proteins (Bio-Rad)
were run in parallel.
Immunohistochemistiy
Rats were anesthetized with thiopental (Pentothal®, 100 mg/kg
body wt), injected intraperitoneally, and perfused retrogradely at
a pressure of 1.38 hp through the abdominal aorta with a fixative
of 3% paraformaldehyde and 0.05% picrinic acid in a 6:4 mixture
of 0.1 M cacodylate buffer (pH 7.4, adjusted to 300 mOsm with
sucrose) and 10% hydroxyethyl starch (Pentaspan; Dupont, Wilm-
ington, DE, USA). After five minutes of fixation, the fixative was
replaced by perfusion for five minutes with cacodylate buffer.
Slices of fixed kidneys were frozen in liquid propane cooled by
liquid nitrogen onto 0.5 mm thin corks slices (glue: embedding
medium). Sections 3 im thick were cut at —22°C in the cryomi-
erotome, mounted on chromalum/gelatine-coated glass slides,
thawed and stored in cold PBS until use.
For immunofluorescence staining, sections were pretreated for
10 minutes with 3% milk powder in phosphate buffered saline
(PBS) containing 0.3% Triton X-100. They were then covered
overnight at 4°C with antisera diluted 1:500 in PBS/milk powder.
The sections were rinsed three times prior to incubation for one
hour at 4°C with the secondary antibody swine anti-rabbit IgG
conjugated to fluorescein isothiocyanate (FITC) (Dakopatts,
Glostrup, Denmark) and the aetin filament-marker phalloidin-
rhodamine (Molecular Probes Inc., Eugene, OR, USA) both
diluted 1:50 in PBS/milk powder.
After being rinsed with water the sections were coverslipped
using DAKO-Glycergel (Dakopatts) plus 2.5% 1,4-
diazabicyelo{2.2.2}oxtane (DABCO; Sigma, St. Louis, MO, USA)
as a fading retardant. They were studied with a microscope
equipped for epifluorescence (Polyvar, Reichert-Jung, Austria)
using narrow-band filter systems for FITC and rhodamine.
RNA isolation and Northern blotting
Superficial cortex was cut out of the kidney at 4°C and
homogenized with a Polytron in a denaturation solution contain-
ing 4 M guanidium isothyocianate, 25 m sodium citrate, pH 7.0,
0.5% sarcosyl, and 0.1 M of 2-mercaptoethanol. RNA was ex-
tracted by the guanidium thiocyanate-phenol acid-chloroform
method [171. Twenty micrograms of total RNA was denatured,
electrophoresed in a formaldehyde agarose gel, and transferred
onto GeneScreen plus membranes (DuPont NEN) as described
[18]. Full length eDNA probes of NaPi-2, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), -actin, and 18 S were
labeled with [cx-32P] DCTP (3000 Ci/mmol) by random priming
(Pharmacia; oligolabeing kit), and hybridization was carried out at
high stringency as described [13]. Signals were quantified by laser
densitometry after exposure to X-ray films (Hyperfilm MP, Am-
ersham), and mRNA levels for NaPi-2 were normalized to the
density of the corresponding GAPDH, -actin, or 18S mRNA.
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Fig. 2. Effect of aging on BBM type II Na-Pi
cotransport (NaPi-2) protein levels. Comparable
data were obtained in 6 different experiments.
Western blot densitometric analysis indicates a
twofold reduction in BBM NaPi-2 protein level
in aged rats.
Statistical analysis
All the data were expressed as mean SE. A two-tailed
unpaired Student's t-test and/or a one-way analysis of variance
with Student-Newman-Keuls multiple range test were used to
compare results between young adult and aged rats. Significance
was accepted at P < 0.05.
Results
Effect of aging on renal phosphate transport
In rats chronically (7 days) fed a control Pi diet (0.6% Pi) there
was a significant increase in the fractional excretion of Pi in aged
rats when compared to pair-fed young adult rats (FEI, 24 1 in
aged rats vs. 15 1% in young rats, P < 0.01). The increase in
FE occurred in spite ot a significantly lower serum Pi concen-
tration in aged rats (6.7 0.3 in aged rats vs. 9.2 0.4 mg/dl in
young adult rats, P < 0.01). The decrease in the tubular reabsorp-
tion of Pi was paralleled by a twofold decrease in proximal tubular
BBM Na-Pi cotransport activity (Fig. 1). The age-related decrease
in BBM transport was specific for Pi, since the sodium coupled
transport of sulfate, D-glucose, or L-proline were not impaired in
the aged rats (Fig. 1). Aging also had no effect on sodium-
independent uptake of Pi (data not shown).
Western blot analysis of BBM proteins indicated that the
age-related decrease in BBM Na-Pi cotransport was associated
with a similar twofold decrease in BBM NaPi-2 protein abun-
dance, as indicated by a reduction in the intensity of the 80 to 90
kDa NaPi-2 specific band (Fig. 2). Reprobing of the blots with an
antibody against the BBM-spccific ecto-5'-nucleotidase protein
showed no difference in the abundance of this protein in aged
versus young adult rats (data not shown).
Immunohistochemistry performed on cryosections of kidneys
from young and old rats demonstrated that, compared to young
rats, aged rats showed lower NaPi-2 protein expression in proxi-
mal tubules of superficial, midcortical and juxtamedullary
nephrons (Fig. 3). At higher magnification of proximal tubular
crossections, the age-related reduction in NaPi-2 protein specific
immunofluorescence was observed both at the level of the BBM
and also intraceliularly (Fig. 4 A, D). Actin filament-specific
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Values are means s; N = 6 rats in each
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Fig. 3. Irnmunohictochemical detection of NaPi-2 protein in rat kidneys. Overviews show the cortex (top: renal capsule) and the adjacent outer stripe of
the medulla (bottom). (A) Three-month-old rat; (B) 12-month-old rat. The kidney of the aged rat (B) is shown at lower magnification to compensate
for its larger size. Bars 200 sm.
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Fig. 4. Proximal tubular segments SI and S2 of midcortex, specifically stained fbr NaPi-2 protein (A and D), actin filaments (B and F same section as in
A and D, respectively) and gamma-glutamyl transpeptidase (C and F, consecutive sections to the ones in A and D, respectively). A, B, and C depict
three-month-old rats, and D, F, and F show a 12-month-old rat. Bar = 20 xm.
Fig. 5. Effect of aging on renal cortical type II
Na-Pi cotransport (NaPi-2), glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), J3-actin, and
18S mRNA levels. Comparable data were
obtained in 6 different experiments. Northern
blot densitometric analysis indicates a twofold
reduction in renal cortical NaPi-2 mRNA level
in aged rats, and no differences in GAPDH,
13-actin, or 18S mRNA levels.
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Young Aged
NaPi-2 2.6 kb
GAPDH 1.1kb
13-Actin 1.5 kb
18S 0.75kb
0.01 3.6
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Fig. 6. Effect of aging on BBM Na-Pi cotransport activily in response to
chronic (7 days) dietaty Pi deprivation. Values are mcans SE; N = 6 rats
in each group. Although there is a similar adaptive increase in BBM Na-Pi
cotransport activity in both young and aged rats, the resultant Na-Pi
cotransport activity is nevertheless still lower in agcd rats.
control staining of BBM microvilli revealed no corresponding
age-related decrease of the immunofluorescent signal (Fig. 4 B,
E). Similarly, the expression of gamma-glutamyl transpeptidase, a
BBM marker enzyme, also was not reduced as a function of aging
(Fig. 4 C, F).
P< 0.01
P< 0.01
Young Aged Young Aged
0
1.2% P1 diet 0.1% P1 diet
Fig. 7. Effect of aging on BBM NaJ'i-2 protein level in response to chronic (7
days) dieta,y Pi deprivation. Values are means SE; N = 6 rats in each
group. Although there is a similar adaptive increase in BBM NaPi-2
protein level in both young and aged rats, the resultant BBM NaPi-2
protein level is nevertheless still lower in aged rats.
Northern blot analysis of total RNA from the renal cortex
indicated that the age-related decreases in BBM Na-Pi cotrans-
port activity and BBM NaPi-2 protein abundance was associated
with a parallel decrease in NaPi-2 mRNA abundance, as indicated
by a reduction in the intensity of the 2.6 kb NaPi-2 specific band
Sorribas et al: Pi reabsorption in aging 861
(Fig. 5). Reprobing of the blots with eDNA probes for GAPDH,
/3-actin, and 18S showed no difference in the abundance of these
mRNAs in aged versus young adult rats (Fig. 5).
Effect of aging on chronic adaptation to low-phosphate diet
In young rats chronically fed a high-Pi diet (1.2% Pi) in
response to a low-Pi diet (0.1% Pi) there was an adaptive increase
in BBM Na-Pi cotransport activity (Fig. 6) that was associated
with similar increases in BBM NaPi-2 protein abundance (Fig. 7)
and renal cortical NaPi-2 mRNA abundance (Fig. 8). In aged rats
there were also similar adaptive increases in BBM Na-Pi cotrans-
port activity (Fig. 6), BBM NaPi-2 protein abundance (Fig. 7), and
cortical NaPi-2 mRNA abundance (Fig. 8). In fact the magnitude
of the adaptive increases were similar in young and aged rats.
However, BBM Na-Pi cotransport activity, NaPi-2 protein and
NaPi-2 mRNA abundance were still significantly lower in aged
rats. Furthermore, when compared to young rats, in the aged rats
the adaptive increases occurred at a significantly lower serum Pi
concentration (4.5 0.3 in aged rats vs. 6.2 0.4 mg/dl in young
adult rats, P < 0.01).
Etfect of aging on acute adaptation to high-Pi and low-Pi diets
In young rats chronically fed a low-Pi diet, following acute
administration of a high-Pi diet there were rapid and significant
decreases in BBM Na-Pi cotransport activity (Fig. 9) and BBM
NaPi-2 protein abundance (Fig. 10). In aged rats there were also
similar rapid and significant decreases in BBM Na-Pi cotransport
activity (Fig. 9) and NaPi-2 protein abundance (Fig. 10).
In young rats chronically fed a high-Pi diet, following acute
administration of a low-Pi diet there were rapid and significant
increases in BBM Na-Pi cotransport activity (Fig. 9) and BBM
NaPi-2 protein abundance (Fig. 10). In aged rats there were also
similar rapid and significant increases in BBM Na-Pi cotransport
activity (Fig. 9) and NaPi-2 protein abundance (Fig. 10). However,
BBM Na-Pi cotransport activity and NaPi-2 protein abundance
were still significantly lower in aged rats.
Discussion
The aging process is associated with an impairment in renal
tubular Pi transport, and is characterized by a decrease in the
Vmax of BBM Na-Pi cotransport activity [7]. The results of our
current study indicate that the decrease in BBM Na-Pi cotrans-
port activity is associated with similar decreases in the abundance
of BBM NaPi-2 protein and renal cortical NaPi-2 mRNA. The
age-related decrease in the expression of the type II renal Na-Pi
eotransport protein therefore mediates the age-related impair-
ment in renal tubular Pi transport.
Parallel decreases in NaPi-2 protein and NaPi-2 mRNA abun-
dance suggest that transcriptional mechanisms may mediate the
age-related decrease in Na-Pi cotransport activity. This conclusion
is in agreement with recent studies which have indicated an
age-related reduction in the transcription of a number of messen-
ger and ribosomic RNAs [19]. Furthermore, in OK cells, a renal
epithelial cell line derived from the American opossum kidney,
the regulation of Na-Pi cotransport by epidermal growth factor
(EGF) [20] has been shown to be possibly mediated by transcrip-
tional mechanisms. On the other hand, in OK cells the effect of
extracellular Pi [2fl and thyroid hormone [221 to stimulate Na-Pi
cotransport and Na-Pi mRNA abundance has been shown to be
mediated by enhanced mRNA stability. Therefore, it is possible
that in addition to transcriptional mechanisms, posttranscriptional
mechanisms, such as decreased mRNA stability, may also play a
role in the age-related decrease in NaPi-2 mRNA abundance.
The decrease in BBM NaPi-2 protein abundance is most likely
a result of the decrease in NaPi-2 mRNA abundance. l-lowcver, it
is possible that decreased translational efficiency may also play a
role in the decrease in BBM NaPi-2 protein abundance. In this
regard, a recent study demonstrated an age-related decrease in
the expression of the protein synthesis elongation factor EF-1 u
[23].
We have previously shown that the age-related decrease in
BBM Na-Pi cotransport is associated with an age-related increase
in renal cholesterol content [8], and that modulation of choles-
terol content in BBM isolated from young rats reproduces the
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Fig. 8. The effect of aging on renal cortical NaPi-2 mRNA level in response
to chronic (7 days) dietary Pi deprivation. Values are means SE; N = 6 rats
in each group. Although there is a similar adaptive increase in renal
cortical NaPi-2 mRNA level in both young and aged rats, the resultant
renal cortical NaPi-2 mRNA level is nevertheless still lower in aged rats.
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Fig. 9. Effect of aging on BBM Na-Pj cotransport activity in response to
acute (4 hr) changes in dietaiy Pi content. Values are means SE; N = 6
rats in each group. Although the adaptive changes in BBM Na-Pi
cotransport activity are similar in young (fl) and aged (I) rats, the
resultant BBM Na-Pi cotransport activity is lower in aged rats.
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age-related decrease in BBM Na-Pi cotransport [10]. The poten-
tial role of cholesterol in mediating the age-related decreases in
NaPi-2 protein and NaPi-2 mRNA at the current time is un-
known. However, in addition to the well known effects of alter-
ations in lipid composition on membrane lipid fluidity [24],
perturbation in cell lipid content have also been shown to
modulate cell function by modulating signal transduction [25—281,
protein trafficking to and from the plasma membrane [29 —32], and
transcriptional regulation [25—27, 33—361. In this regard, in a
recent study we have shown that alterations in renal cortical
glycosphingolipid content modulate BBM Na-Pi cotransport ac-
tivity, in part, by modulating BBM lipid fluidity and also targeting
of Na-Pi cotransporters to the apical BBM [37].
In the present study, we also examined the effects of aging on
renal tubular adaptation to chronic and acute alterations in
dietary Pi intake. We found that similar to the young rats the aged
rats were also able to adapt to chronic and acute dietary Pi
deprivation. In fact, the % increases in BBM Na-Pi cotransport
activity in response to dietary Pi deprivation were similar in young
and aged rats. However, the absolute rate of BBM Na-Pi cotrans-
port activity and BBM NaPi-2 protein abundance were always
significantly lower in the aged rats, and the adaptation occurred at
a significantly lower plasma Pi concentration.
In conclusion, we have shown that the age-related impairment
in renal tubular reabsorption of Pi and renal tubular adaptation to
a low Pi diet is mediated by decreased expression of the type II
renal Na-Pi cotransporter protein (NaPi-2) at the level of the
apical BBM.
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Fig. 10. Effect of aging on BBM NaPi-2 protein
level in response to acute (4 hr) changes in
dieta,y Pj content. Values are means SE; N =
6 rats in each group. Although the adaptive
changes in BBM NaPi-2 protein levels are
similar in young (LI) and aged (•) rats, the
resultant BBM NaPi-2 protein level is lower in
aged rats.
1. LEVI M, ROWE JW: Renal function and dysfunction in aging, in The
Kidney: Physiology and Pathophysiology (2nd ed), edited by SELDIN
DW, Giebisch G, New York, Raven Press, 1992
2. ARMBRECHT HJ, WONGSURAWAT N, PA5CHAL RE: Effect of dietary
calcium and phosphorus restriction on calcium and phosphorus
balance in young and old rats. Arch Biochem Biophys 210:179—185,
1981
3. C..vrzsio J, BONJOUR J-P, FLEISCH H: Tubular handling of Pi in
young growing and adult rats. Am J Physiol 242:F705—F710, 1982
4. CAVERZASIO J, MURER H, FLEISCH H, BONJOUR J-P: Phosphate
transport in brush border vesicles isolated from renal cortex of young
growing and adult rats. Pflugers Arch 394:217—221, 1982
5. LEE DBN, YAGANAWA N, Jo 0, Yu BP, BECK N: Phosphaturia of
aging: Studies on mechanisms. Adv Exp Med Biol 178:103—108, 1984
6. CORMAN B, PRATZ J, POUGEOL P: Changes in anatomy, glomerular
filtration, and solute excretion in aging rat kidney. Am J Physiol
248:R282—R287, 1985
7. KIEBZAK GM, SACKTOR B: Effect of age on renal conservation of
phosphate in the rat. Am J Physiol 25l:F399—F407, 1986
8. LEVI M, JAMESON DM, VAN DEE MEER BW: Role of BBM lipid
composition and fluidity in impaired renal Pi transport in aged rat.
Am J Physiol 256:F85—F94, 1989
9. MARCUS R, MADVIG P, YOUNG G: Age-related changes in parathyroid
hormone and parathyroid hormone action in normal humans. J Clin
Endocrinol Metab 58:223—230, 1984
10. LEVI M, BAIRD BM, WILSON PV: Cholesterol modulates rat renal
brush border membrane phosphate transport. J Clin Invest 85:23 I—
237, 1990
11. MAGAGNIN S, WERNER A, MARKOVICH D, SORRIBAS V, STANGE G,
BIBER J, MURER H: Expression cloning of human and rat renal cortex
Na-Pi co-transport. Proc NatlAcad Sci USA 90:5979—5983, 1993
12. CUSTER M, LOTSCHER M, BluER J, MURER H, KAISSLING B: Expres-
sion of Na-Pi co-transport in rat kidney: Localization by RT-PCR and
immunohistochemistry. Am J Physiol 266(Renal Fluid Electrol Physiol
35):F767—F774, 1994
13. LEVI M, LOTSCHER J, Sojuus V, CUSTER M, ARAR M, KAISSLING B,
MURER H, BIBER J: Cellular mechanisms of acute and chronic
adaptation of rat renal Pi transporter to alterations in dietary Pi. Am J
Physiol 267:F900—F908, 1994
14. LAEMMI,I UK: Cleavage of structural proteins during the assembly of
the head of the bacteriophage T4. Nature (Lond) 227:680—685, 1970
15. T0wBIN H, STAEHELIN T, G0IW0N J: Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets: Proce-
dure and some applications. Proc NatlAcad Sci USA 76:4350—4354,
1979
4 — P<0.01
II)
.2. o
2
Za.)0
P< 0.05
P< 0.01
r H
0.1 Pi chronic 0.1 P1 chronic
'I,
1 .2 P1 acute
1.2 Pi chronic 1.2 Pi chronic
0.1 P1 acute
References
Sorribas et at: Pi reabsoiption in aging 863
16. DAWSON TP, GANDHI R, LE HIR M, KAISSLING B: Ecto-5-nucleoti-
dase: Localization by light microscope histochemistry and immuno-
histochemistly methods in the rat kidney. J Histochem Cytochem
37:39—47, 1989
17. CHOMCYZNSKI P, SACCHI N: Single-step method of RNA isolation by
acid guanidium thiocyanate-phenol-chloroform extraction. Anal Bio-
chem 162:156—159, 1987
18. FARREL RE JR: RNA Methodologies. San Diego, Academic Press, Inc.,
1993
19. HEYDARI AR, RICHARDSON A: Does gene expression plays any role
in the mechanism of the antiaging effect of dietary restriction? in
Aging and Cellular Defense Mechanisms, edited by FRANCESCHI C,
CREPALDI G, CRISTOFALO VJ, VIJG J, Annal NYAcad Sci 663:384—
395, 1992
20. ARAR M, BAUM M, BluER J, MURER H, LEVI M: Epidermal growth
factor inhibits Na-Pi cotransport and mRNA in OKP cells. Am J
Physiol 268(Renal Fluid Electrol Physiol 37):F309—F314, 1995
21. MARKOVICH D, VERRI T, SORRIBAS V, FORGO J, BIBER J, MURER
H: Regulation of opossum kidney (OK) cell Na-Pi-cotransport by
Pi deprivation involves mRNA stability. Pfiugers Arch 430:459—463,
1995
22. SORRIBAS V, MARKOVICH D, VERRI T, BluER J, MURER H: Thyroid
hormone stimulation of Na-Pi cotransport in opossum kidney cells.
Pflugers Arch (in press)
23. SHIKAMA N, ACKERMANN R, BRACK C: Protein synthesis elongation
factor EF-la expression and longevity in Drosophila melanogaster.
ProcNatlAcadSci USA 91:4199—4203, 1994
24. LEVI M, WILSON PV, COOPER OJ, GRATT0N E: Lipid phases in renal
brush border membranes revealed by laurdan fluorescence. Photo-
chem Photobiol 57:420—425, 1993
25. HANNUN YA: The sphingomyelin cycle and the second messenger
function of ceramide. J Biol Chem 269:3125—3128, 1994
26. KOLESNICK R, GOLDE DW: The Sphingomyelin pathway in tumor
necrosis factor and interleukin-1 signaling. Cell 77:325—328, 1994
27. LI5c0VITcH M, CANTLEY LC: Lipid second messengers. Cell 77:329—
334, 1994
28. DIVECHA N, IRVINE RF: Phospholipid signaling. Cell 80:269—278, 1995
29. CHANG WJ, ROTHBERG KG, KAMEN BA, ANDERSON RGW: Lowering
the cholesterol content of MA1O4 cells inhibitis receptor-mediated
transport of folate. J Cell Biol 118:63—69, 1992
30. CERNEUS DP, UEFFING E, POSTHUMA G, STROUS GJ, VAN DER ENDE
A: Detergent insolubility of alkaline phosphatase during biosynthetic
transport and endocytosis. Role of cholesterol. JBiol Chem 268:3150—
3155, 1993
31. ROSENWALD AG, MACHAMER CE, PAGANO RE: Effects of a sphingo-
lipid synthesis inhibitor on membrane transport through the secretory
pathway. Biochemistry 31:3581—3590, 1992
32. ROSENWALD AG, PAGANO RE: Inhibition of glycoprotein traffic
through the secretory pathway by ceramide. J Biol Chem 268:4577—
4579, 1993
33. GASIC GP: Basic-helix-loop-helix transcription factor and sterol sen-
sor in a single membrane-bound molecule. Cell 77:17—19, 1994
34. WANG X, SATO R, BROWN MS, HuA X, GOLDSTEIN JL: SREBP-1, a
membrane-bound transcription factor released by sterol-regulated
proteolysis. Cell 77:53—62, 1994
35. DING G, PESEK-DIAM0ND I, DIAMOND JR: Cholesterol, macrophages,
and gene expression of TGF-/31 and fibronectin during nephrosis.
Am J Physiol 264:F577—F584, 1993
36. BOULANGER CM, TANNER FC, BEA M-L, HAHN AWA, WERNER A,
LUSCHER TF: Oxidized low density lipoproteins induce mRNA expres-
sion and release of endothelin from human and porcine endothelium.
Circ Res 70:1191—1197, 1992
37. LEVI M, SHAYMAN JA, ABE A, GROSS SJ, MCCLUER, RH, BIBER J,
MURER H, LOTSCFIER M, CRONIN R: Dexamethasone modulates rat
renal brush border membrane phosphate transporter mRNA and
protein abundance and glycosphingolipid composition. J Clin Invest
96:207—216, 1995
